As a result of the recently proposed mandatory groundwater disinfection requirements to inactivate viruses in potable water supplies, there has been increasing interest in virus fate and transport in the subsurface. Several models have been developed to predict the fate of viruses in groundwater, but few include transport in the unsaturated zone and all require a constant virus inactivation rate. These are serious limitations in the models, as it has been well documented that considerable virus removal occurs in the unsaturated zone and that the inactivation rate of viruses is dependent on environmental conditions. The purpose of this research was to develop a predictive model of virus fate and transport in unsaturated soils that allows the virus inactivation rate to vary on the basis of changes in soil temperature. The model was developed on the basis of the law of mass conservation of a contaminant in porous media and couples the flows of water, viruses, and heat through the soil. Model predictions were compared with measured data of virus transport in laboratory column studies and, with the exception of one point, were within the 95% confidence limits of the measured concentrations. The model should be a useful tool for anyone wishing to estimate the number of viruses entering groundwater after traveling through the soil from a contamination source. In addition, model simulations were performed to identify parameters that have a large effect on the results. This information can be used to help design experiments so that important variables are measured accurately.
The significance of viruses as agents of groundwaterborne disease in the United States has been well documented (3, 4) . The increasing interest in preventing groundwater contamination by viruses and other disease-causing microorganisms has led to new U.S. Environmental Protection Agency regulations regarding groundwater disinfection (21) , the development of wellhead protection zones, and stricter standards for the microbiological quality of municipal sludge (20) and treated effluent (2) that are applied to land. For many of the new regulations, a predictive model of virus (or bacterial) transport would be helpful in the implementation process. For example, such a model could be used to determine where septic tanks should be placed or where land application of sludge or effluent should be practiced relative to drinking water wells to minimize negative impacts on the groundwater quality. Another application of microbial transport models is related to the groundwater disinfection rule (21) . Water utilities wishing to avoid groundwater disinfection may use a pathogen transport model to demonstrate that adequate removal of viruses in the source water occurs during transport to the wellhead.
Several models of microbial transport have been developed during the past 15 to 20 years (6, 7, 11, 12, 17, 18, 23, 27) . The models range from the very simple, requiring few input parameters, to the very complex, requiring numerous input parameters. For many of the more complex models (7, 11, 23) , the data required for input are not available except for very limited environmental conditions. They may be useful for research purposes but would be impractical for widespread use. The potential applications of these models also range considerably, from being useful only for screening purposes on a regional scale (27) to predicting virus behavior at one specific location (6, 13, 18) . One limitation of almost all of these models is that they have been developed to describe virus transport in saturated soils (i.e., groundwater). However, it has been demonstrated many times that the potential for virus removal is greater in the unsaturated zone than in the groundwater (9, 10, 14) . If the viruses are transported through the unsaturated zone before entering the groundwater, then neglecting the unsaturated zone and assuming that the viruses immediately enter the saturated zone in a model of virus transport could lead to inaccurately high predictions of virus concentrations at the site of interest. This omission would be especially significant in areas with thick unsaturated zones, such as those in many western states. The one transport model (18) that has reportedly been developed for predicting virus transport in variably saturated media is not specific for viruses but can be used for any contaminant. In addition, it has not been tested with data of virus transport in unsaturated soil.
Another, more important limitation of published models of virus transport is that none of them has been validated by using actual data of virus transport in unsaturated soils. (29) .
The processes used in the model to describe virus fate and transport include advection (transport by the bulk movement of water), dispersion (spreading out of the viruses as they move around soil particles), adsorption, inactivation, and filtration. A complete discussion of these factors and their effects on microbial transport has been published recently (28) . Some of the specific features of the model will now be described.
In the model, advection and dispersion of the virus particles are allowed to vary as the viruses are transported through the soil profile. In other words, the rate at which viruses are transported through the soil varies on the basis of the velocity of the water, which depends on the flow of heat through the system, among other factors. Another attribute of VIRTUS is that the user may input different virus inactivation rates for viruses that are adsorbed to the soil particles as compared with freely suspended viruses, if that information is known.
One important feature of the model is that the inactivation rate does not have to remain constant throughout the simulation. Because the model simulates the flow of heat through the soil, it allows one to compute a new value for any heat-dependent variable as the temperature changes in the soil profile. It has been well documented that virus inactivation rates are temperature dependent (8, 16, 24) . An equation describing the relationship between virus inactivation rates and subsurface temperatures has been developed previously (25) (14) . The data used as model input for each example are listed in Table 1 .
In each case, the model was run by using input values measured or reported by the respective investigator. Model predictions were then compared with the virus concentrations measured as a function of soil depth and time in the laboratory.
Model simulations. Several features of the model were demonstrated by using data for two different soil types, a loam (example 4) and a sand (example 5). Some of the input data for these examples are shown in Table 2 . Soil data were obtained from Ouyang (13) for the Indio loam and from Ungs et al. (19) for the Rehovot sand. Virus data were obtained from several sources (1, 6, 14, 26) reporting virus transport characteristics in soils similar to those used in the model. In all simulations, water was added to the soil columns at a rate of 0.1 cm h-1 for 6 h. The concentration of viruses in the influent solution was 105 PFU ml-'.
In example 4, the effects of three different virus inactivation rates on model predictions were determined. For example 4a, the virus inactivation rate varied as a function of the soil temperature throughout the simulation. Virus inactivation rates were calculated by using equation 4 (5) and Powelson et al. (14) .
for the freely suspended viruses, while the inactivation rate cases fell within the 95% confidence limits of the measured of viruses adsorbed to soil particles, Rs, was zero. In data. In the second example, the model predictions were example 4d, the inactivation rate of adsorbed viruses was within the 95% confidence limits of the measured data at all specified to be one-half of the rate for viruses suspended in points except the 100-cm depth (Fig. 2) (14) , is depicted in Fig. 3 . The agreement between model predictions and the observed data is very Examples 1 and 2. Figure 1 shows the predicted virus good in this case. The model predicted that the virus concentrations at several depths after 48 min of transport in concentration in the column outflow after 4 days would be a saturated column of gravelly sand. The model predictions 3.54 log1o PFU ml-1, while the measured concentration was were close to the measured virus concentrations and in all 3.78 log1o PFU ml-1'. Fig. 5a , the difference in the concentration of virus particles predicted by using a variable inactivation rate and the constant rate at 10°C is shown. The difference between predicted concentrations by using the variable, temperature-dependent inactivation rate and the constant rate at 25°C is shown in Fig. 5b .
The differences in virus concentrations predicted by the model when the rate of inactivation of adsorbed viruses is zero compared to when the rate of inactivation of adsorbed viruses is assumed to be one-half that of the free viruses are shown in Fig. 6 Both of these models were developed for use by the investigators to simulate their own data. In the case of the colloid filtration model, extensive fitting of the required input parameters was performed by calibrating different solutions of the transport equation to the observed bacterial breakthrough curves (7). Thus, while these models may be able to simulate the data of the investigator reasonably well, they may not be able to predict the results of the transport Virus Concentration (PFU/ml) When the predictions of VIRTUS were compared with the results obtained by Grondin (5) by using a saturated gravelly sand column, the model predictions were within the 95% confidence limits of the measured virus concentrations for one trial (Fig. 1) . For the second trial, the model predicted that more than 300 viruses ml-1 would appear in the column effluent after 48 min, although none were detected in the laboratory study (Fig. 2) . The discrepancy between the model predictions and the laboratory measurements may be due to the reported value for the adsorption coefficient (-0.54 ml g of soil-'). This value was not measured by the investigators by using a batch adsorption isotherm study; rather, the value was used as a fitting parameter for their data. In the model, a negative value for the adsorption coefficient would have the effect of transporting the viruses at a more rapid rate through the soil (on average) than the average velocity of the water and resulted in viruses being present in the column effluent. If, in reality, there was adsorption of the viruses to the soil particles, this would retard their movement through the column and result in no viruses being detected in the outflow.
In the case in which VIRTUS was tested by using the data of Powelson et al. (14) , model predictions were very close to the measured virus concentration profiles (Fig. 3) . However, this is only one example of a comparison to one laboratory transport study in unsaturated soil by using a single soil type and a single virus type. More testing of the model is required before it should be used for any purposes other than research.
Unfortunately, in these examples, the temperature-dependent inactivation rate capabilities of the model could not be tested. This is due to the fact that the experiments were conducted under constant temperature conditions in the laboratory, and, thus, the virus inactivation rate remained constant Fig. 5a and b. In the case where the virus inactivation rate was held constant at 0.033 log1o day-' (10°C), the model predicted higher concentrations of viruses than would be predicted if the inactivation rate was allowed to vary as a function of temperature (Fig. 5a ). The opposite predictions were obtained in the case of a constant inactivation rate of 0.354 log1o day-1 (25°C), as shown in Fig. Sb . When the inactivation rate was considered to be a constant at 25°C an underprediction in the concentration of viruses resulted as compared with that predicted when the inactivation rate was considered to be temperature dependent.
The reasons for these predictions become apparent upon observation of the predicted change in soil temperature that occurs as applied water is infiltrated through the soil column. Figure 8 shows the soil temperature as a function of time for the model simulations discussed for example 4 10 'C) for that period. Overall, maintaining the using data for a Rehovot sand was run to illustrate the effects tn rate at a constant value had the effect of of soil properties on transport. The Rehovot sand has a much the predicted concentration of viruses that were higher hydraulic conductivity (Table 2) than that of the Indio d in the soil column by more than 4 orders of loam, and, thus, water and contaminants can move through (Fig. 5a) . this soil more rapidly. As shown in Fig. 7 , the viruses were ple 4c, the soil temperature was considered to be transported more rapidly and in higher concentrations in this It 25°C; consequently, the virus inactivation was soil than in the loam soil of the previous examples. After 6 h, J at a relatively high rate throughout the transport the viruses in the loam soil had been transported only 11 cm n actuality, the soil temperature was at or above ( Fig. 4) , in comparison to more than 35 cm in the sandy soil relatively short period of time (less than 6 h), so (Fig. 7) . The differences between the two columns become re inactivated at or above that high rate for only 6 more apparent at longer times: after 5 days, approximately mulation where the rate was temperature depen-30 viruses ml-1 had been transported 15 cm in the loam soil, his case (Fig. 5b) , an assumption of a constant whereas more than 102 viruses ml-1 were being recovered in in rate would lead to a prediction that thousands of the sand column effluent after the same length of time. wer than the actual number (assuming that the Another reason for the relatively higher concentrations of nactivation rate simulation predicts the actual viruses being transported through this soil, in addition to the tould be transported in the column.
higher hydraulic conductivity, is related to the adsorption isitivity of model predictions to changes in the coefficient. For this sand, on the basis of reported values for re-dependent inactivation rate was determined by virus adsorption to other sandy soils, an adsorption coeffihe inactivation rate while keeping all other variacient of zero was chosen. Thus, the rate at which the viruses ant. This sensitivity analysis showed that changing were transported through the soil was not decreased as a of the inactivation rate by 50% resulted in a 33%
result of adsorption to the soil particles, unlike the case for the predicted concentration of 58, 1992 on September 7, 2017 by guest http://aem.asm.org/ Downloaded from VIRTUS was tested by using three data sets obtained during laboratory studies of coliphage transport and was found to produce reasonable predictions in comparison with measured results. However, before this or any model of contaminant transport can be used with confidence for any purpose other than research, considerable testing is required. VIRTUS must be tested by using field data collected in a wide variety of environmental and hydrogeologic settings, so that its limitations can be assessed. Few, if any, data sets containing both virus data and the appropriate hydrogeologic data are currently available so that this, or any, model can be tested. More transport studies using human viruses that have been implicated in waterborne disease outbreaks and bacteriophages must be conducted to assess the appropriateness of using phages or other microorganisms as surrogates for animal viruses in environmental fate studies.
